Abstract: To develop silvicultural guidelines for high-value timber species of Central African moist forests, we assessed the performance of the pioneer Milicia excelsa (iroko, Moraceae), and of the non-pioneer light demander Pericopsis elata (assamela, Fabaceae) in logging gaps and in plantations in highly degraded areas in south-eastern Cameroon. The survival and size of each seedling was regularly monitored in the silvicultural experiments. Differences in performance and allometry were tested between species in logging gaps and in plantations. The two species performance in logging gaps was significantly different from plantations and concurred with the expectations of the performance trade-off hypothesis but not with the expectations of species light requirements. The pioneer M. excelsa survived significantly better in logging gaps while the non-pioneer P. elata grew significantly faster in plantations. The high mortality and slow growth of M. excelsa in plantations is surprising
Introduction
Central African moist forests extend over 180 million hectares, constituting the world's second largest continuous forest area after Amazonia. They provide an irreplaceable source of ecological, social and economic services for local populations, states and the international community [1, 2] . Since the 1950s most of these forests have been granted to private logging companies and have been impacted by selective logging [3, 4] . Today, approximately 26% of the forested area in Central Africa is licensed to logging companies contributing significantly to national economies [1, 2] . With mismanagement and the conversion of large tracts of West African forests to agricultural production, Central African forests are experiencing increased harvesting pressures, and this is particularly true for the few timber species targeted by the extremely selective logging [5] . National regulations impose minimum cutting diameters for each targeted species and 20-30-year felling cycles, but barely on sound biological bases. Management plans based on tree inventories and the computation of timber stock recovery has been mandatory in most Central African countries, yet these are inadequate to ensure the sustainability of production forests [6] . Instead, after several felling cycles, timber resources of the targeted populations, i.e., the number of trees with a diameter superior to the minimum cutting diameter, have in places dramatically decreased over the long-term [7] . In addition, other potential threats including anthropogenic (e.g., fragmentation, conversion) and climatic (e.g., drought events) disturbances may impact the populations of timber species in the coming decades. Thus, there is an urgent need to develop silvicultural techniques to maintain the sustainable harvest of timber resources.
Most African timber species are widespread light-demanding species [8] [9] [10] that require high light environments at the seedling stage for survival and growth [11] . The selective logging treatments generally applied in Central Africa [3, 6] do not open the canopy sufficiently to promote their regeneration [5] although tree regeneration is controlled by more than just gap size [12] . Forest companies engaged in sustainable forest management and certification need to secure sufficient regeneration of the timber species which are abundant in the canopy and yet suffer from a lack of regeneration [13, 14] . Silvicultural techniques can be applied to promote the regeneration of light-demanding timber species [12, 15] . Planting timber species in logging gaps or restoring degraded forest areas are effective techniques that have the potential to maintain ecosystem diversity and resilience while protecting sensitive species of high commercial value [16] ; however, only if based on sound silvicultural knowledge and practices. Enrichment techniques have been tested in several tropical contexts with promising results for forest restoration while promoting timber resource sustainability [17] [18] [19] [20] [21] [22] .
In Cameroon, the artificial canopy gaps created by selective logging were enriched through planting with nursery-raised seedlings of Baillonella toxisperma Pierre (moabi, Sapotaceae) an emblematic African tree [23] . The technique appeared to be relatively cheap (5.5 EUR per gap), and introduced seedlings showed a high growth and survival rate in logging gaps (>90% after 30 months, n = 410 7-month-old seedlings distributed in 15 logging gaps). Although the technique of enriching logging gaps showed promising results for B. toxisperma, two essential issues must be addressed before extending to other timber species. First, logging gaps are difficult to monitor long-term, and the good performance in the early stage of tree life may be reduced by competition in later stages. Indeed, several events of growth suppression and release are usually identified across the lifetime of tropical trees using tree ring analysis [24] . Second, logging gaps may not be suitable for light demanding species at the high end of the irradiance spectrum [25] and plantations may thus be considered for true pioneers, as well as for the restoration of highly degraded areas and for reforestation. Large plantations following natural forest conversion were promoted up to the 1970s and often showed very encouraging results. Nevertheless, all of them were abandoned, mainly because they were too expensive to maintain [26, 27] . If large industrial plantations of native species are no longer a priority, they could be usefully replaced by smaller plantations in degraded forests [26] [27] [28] ; several logging companies under the independent FSC (Forest Stewardship Council) certification have to implement regular planting activities (FSC-STD-CB-01-2012 Regional Standard). However, to be implemented by the forest sector, practical guidelines need to be developed, tailored to the socio-economic context and to the autoecology of each timber species, and species need to be matched to the specific biophysical conditions of the site.
In this study, we analyzed the survival and growth of two timber species, Milicia excelsa (Welw.) C.C. Berg (iroko, Moraceae) and Pericopsis elata (Harms) Meeuwen (assamela, Fabaceae), in enriched logging gaps and in plantations. M. excelsa is widely distributed across tropical African forests in West, Central and East Africa, but shows a low local abundance. Although recorded as near threatened in the IUCN Red List M. excelsa is currently logged in Cameroon, Gabon, Congo, Democratic Republic of Congo and Central African Republic, and is the fifth largest species in terms of harvestable volume in Cameroon [1] . P. elata is a gregarious species extremely abundant locally that shows a patchy distribution in Central Africa. The species is almost extinct in West Africa due to forest mismanagement and overexploitation [9] . The harvest of P. elata is strongly regulated since the species is included in the CITES Appendix II and is recorded as "Endangered A1cd" on the IUCN Red List [29, 30] . Here, we investigated whether there was a difference in the performance of the two species in logging gaps versus plantations. Given that the two focal species, M. excelsa and P. elata have different light requirements [9] , we expect the pioneer species M. excelsa in the high light environment of plantations to have greater growth and survival while the non-pioneer light demanding species P. elata to perform better in the relatively low light environment of logging gaps. Based on the inter-specific performance trade-off [31] that has been widely reported between fast growth in high light and high survival in low light [32] [33] [34] we expect to find evidence of a rank reversal in performance between the two species between the two light environments. To corroborate the previous expectations, we examined the differences in seedling architecture among species and silvicultural experiments by regressing the relative growth rate (RGR, hereafter) in height with that in diameter, which is theoretically equivalent of fitting allometric relationships between height and diameter [35] . We expect seedlings grown in the relatively competitive environment of logging gaps to be more slender, and thus, have greater height for a given diameter, than the seedlings grown in the higher light environment of plantations.
Methods

Study Area
The study area is located in the East province of Cameroon, east of the Dja reserve (3°01′ N and 3°44′ N; and 13°20′ E and 14°31′ E). The enrichment of logging gaps and plantations after clearance in degraded forests was performed in the Forest Management Units (FMUs) 10-041, 10-042, 10-044, 10-030 and 10-031, managed by the Pallisco company. The annual rainfall is 1640 mm, with two distinct rainy seasons (August to November and March to June) alternating with two dry seasons, and the mean annual temperature is 23.1 °C, according to the Worldclim data [36] . The topography is undulating with elevation varying between 500 and 650 m. The geological substrate consists of volcanic intrusions and metamorphic rocks, and soils have been identified as Ferralsols [37] . Forests in the area are mostly semi-deciduous with a canopy dominated by species of the Meliaceae, Sterculiaceae (now included in Malvaceae) and Ulmaceae families [38, 39] .
Study Species
Two focal species, a pioneer and a non-pioneer light demander of particular interest for the forest sector in Central Africa were selected for this study. The pioneer, M. excelsa is dioecious, small-seeded (3 mg, according to the Seed Information Database [40] ) and animal-dispersed [41] . The non-pioneer light-demanding, P. elata is hermaphroditic, large-seeded (333 mg) and wind-dispersed [26, 27] . Both species can exceed 130 cm in diameter and greater than 40 m in height. Both species have moderate wood specific gravity, with an average of 0.561 and 0.636 g·cm 
Silvicultural Experiments
Within the study area, we analyzed the results of three distinct silvicultural experiments: briefly, (i) the enrichment of logging gaps with M. excelsa (K. Daïnou, unpublished data); (ii) the enrichment of logging gaps with P. elata (a subset of the data published in [43] ); and (iii) plantations of high-value tree species, that included both M. excelsa and P. elata, after forest clearance in highly degraded forest areas (J.-L. Doucet, unpublished data). For the three experiments, the seedlings were germinated from seeds collected in the study area and raised in the same nursery before being transplanted in the logging gaps and in plantations. The survival, diameter and height of each individual seedling were regularly monitored from initial transplantation and up to 65 months (see below for details on the experimental designs). All field measurements were performed by the same field crew composed every year of the exact same 13 persons (1 manager, 2 nurserymen, and 10 technicians), which minimized measurement errors due to differences in crew members from year to year. , for M. excelsa and P. elata, respectively). The mean height of the transplanted seedlings was 20 and 63 cm (standard deviation, SD = 8 and 20 cm) for M. excelsa and P. elata, respectively. Prior to all plantings, potentially competing vegetation with the exception of seedlings of high-value timber species was eliminated using a machete. In contrast with plantations, logging gaps are difficult to access and, hence, controlling the competition within logging [20- gaps is usually not performed as a treatment in long term monitoring of tree regeneration. The light levels were not assessed at the time of planting and no further maintenance was applied in the logging gaps. Thus, we considered the environment in the logging gaps as "with-competition".
Enrichment in Logging Gaps
Plantations
From 2009 onwards, plantations with high-value tree species (n = 23) were regularly established in highly degraded forest areas (J-L. Doucet, unpublished data). Shifting cultivation, throughout the study area, and illegal logging activities, specifically in the FMUs 10-030 and 10-031, were the usual causes of forest degradation. In each plantation plot (between 0.2 and 1.2 ha, with a mean of 0.47 ha), species were planted in blocks of 25 or 30 seedlings and consecutive blocks were planted with different species to prevent parasitism and herbivory. Only a subset of these data concerning the two study species was considered in this study.
A total of 75 seedlings of M. excelsa were transplanted into one plantation plot in 2012 and monitored over 25 months. A total of 160 seedlings of P. elata were transplanted into three plantation plots, with 60 seedlings transplanted in 2009, 50 in 2010 and 50 in 2011, and monitored up to 57 months. Prior to plantation, the ground area was cleared but some standing trees (covering approximately 30% of plot area) were maintained to protect seedlings from photoinhibition. Seedlings were transplanted in 3 × 3 m grid cells in the plantation plots. The mean height of the transplanted seedlings was 37 and 54 cm (standard deviation SD = 13 and 22 cm) for M. excelsa and P. elata, respectively. Clearing maintenances were performed three times in the first year, twice in the second year, and once in the third year. The light levels were not assessed at the time of planting, but due to clearance, we considered the environment in plantations as "free-to-grow".
Data Analysis
To quantify species survival in logging gaps and in plantations, we estimated the survival function S(t) over time using the non-parametric Kaplan-Meier estimator [44] , which is the probability of an individual seedling to survive at least until time t, the time since the beginning of the experiment:
where i indexes the time interval, di is the number of deaths that occur in the interval ti, ni is the number of seedlings that are alive at the end of the census interval ti, and ∏ is the product operator across all cases less than or equal to t. To quantify species growth in logging gaps and in plantations, we calculated the relative growth rate in height (RGRH in cm·cm
) and diameter (RGRD in mm·mm
) of each monitored seedling until the end of the experiment (surviving seedling) as follows:
with sizet the height or diameter at time t, and size0 the initial size of seedlings. For practical reasons, we additionally calculated the annualized absolute changes in height and diameter of each seedling over the observation period (height and diameter increment, hereafter). We tested whether species significantly differ in performance in logging gaps compared to plantations using log-rank tests and Welch's one-way analysis of variance for survival and growth, respectively. The period and frequency of monitoring were different for the three experiments but the non-parametric approach accommodates this caveat.
To examine the differences in seedling architecture between species and silvicultural experiments, we regressed the RGRH to the RGRD following Coomes and Grubb [35] . Assuming a power allometric relationship between seedling height (H, in cm) and diameter (D, in mm) that can be linearized with a log-transformation (see below Equations (3) and (4), respectively), the ratio of relative growth rates is theoretically equal to b1 the scaling coefficient of the height-diameter allometric equation. A two-way analysis of covariance was conducted to assess the effect of silvicultural experiment, species, and the interaction between them on seedlings RGR ratios (i.e., scaling coefficient).
All statistical analyses were performed within the open source R environment (R version 2.14.1). We specifically used the survival package for the survival analysis [45] .
Results and Discussion
Differential Performance between the Two Species
In contrast to our expectation based on each species' known light requirement, the pioneer species M. excelsa performed worse in plantations compared to the logging gaps, while P. elata showed the opposite pattern ( Figure 2 and Table 1 ).
With 172 out of 202 (85.1%) surviving seedlings after 65 months M. excelsa showed a significantly higher survival than P. elata with 57 out of 95 (60%) surviving seedlings after 60 months in logging gaps-with-competition (Figure 2a , log-rank test Χ 2 = 38.7, p < 0.001). In contrast, with only 33 (44%) surviving seedlings after 25 months M. excelsa showed a significantly lower survival than P. elata with 115 (71.9%) surviving individuals after 57 months in plantations-free-to-grow (Figure 2b , log-rank test Χ 2 = 14.8, p < 0.001). Thus, we observed a rank reversal in survival between the two silvicultural treatments. M. excelsa and P. elata showed almost similar diameter and height increment in logging gaps-with-competition but showed significantly different relative growth rates, with faster growth for M. excelsa than for P. elata (Table 1 ). In contrast, in plantations-free-to-grow M. excelsa showed significantly slower growth than P. elata for the whole of the growth variables considered. Thus, we observed a rank reversal in growth between the two silvicultural treatments. Table 1 . Growth performance of M. excelsa and P. elata in logging gaps-with-competition and in plantations-free-to-grow in south-eastern Cameroon. The mean and standard deviation (SD) of height and diameter increment, and relative growth rate in height (RGRH) and diameter (RGRD) are given for each species in logging gaps-with-competition and in plantations-free-to-grow. The number of seedlings (N) is also given. The letters (a, b) indicate significant differences between species using Welch's one-way analysis of variance. The T and P values associated to the Welch's tests are also given. According to the performance trade-off hypothesis [31] [32] [33] [34] , we observed a differential performance of the two species in logging gaps-with-competition and in plantations-free-to-grow. This was however in contrast with species' light requirement. We had expected better performance of the pioneer M. excelsa in the high light environment of plantations and a better performance of the non-pioneer light demander P. elata in the relatively low light environment of logging gaps. Although the two study species have been assigned to two different regeneration guilds based on the ontogenic variations of the crown exposure index in Ghana [9] , the difference in light requirement between the two species remains difficult to ascertain. In a light response experiment in Ghana, it has been demonstrated that both species showed an optimal growth at intermediate irradiance. The growth of P. elata was faster than the growth of M. excelsa and a negative growth rate was observed for M. excelsa at low irradiance [46] . A negative growth rate at low irradiance (<3%) is a typical characteristics of pioneer species [46, 47] , and pioneer species tend to show maximum growth at higher irradiance than shade-bearers, while non-pioneer light-demanders showed an intermediate response [48] . Thus, depending on the trait considered, RGR at low light or maximum growth (growth at optimal irradiance), the two species can be considered as either pioneer or non-pioneer light demanding species.
Growth Variable
In comparison with other studies reporting a performance trade-off [31] [32] [33] [34] or with the natural variation within tropical forests between gaps and the understory [49] , the light gradient considered here between logging gaps and plantations is most probably rather restricted. The number of species is also limited to properly test the rank reversal hypothesis. For instance, high light growth (number of years to reach 3 m high) has been shown to be negatively correlated with low light survival (<10%) for seedlings/saplings of ten major tree species spanning a range of presumed shade tolerances in transition oak-northern hardwood forests of North America [32] . Additionally, with our experimental design, we could not disentangle the effects of light availability from that of competition with vegetation regrowth. Within the conditions of our study area and for the two study species, the control of competition might be more important than light availability. Our early results however offer a new perspective on the light requirement and on the planting behavior of the two study species. This is an important first step to developing silvicultural guidelines, and those guidelines are currently lacking to develop strategies for the sustainable management of Central African forest stands and species.
The differential survival of M. excelsa between logging gaps-with-competition and plantations-free-to-grow, and specifically the high mortality of this tree species in plantations-free-to-grow, is surprising for a pioneer species, and may be due to the parasitic attacks of the psyllid Phytolyma lata (J.-L. Doucet and P. Tekam, personnal observations). Repeated attacks in the same season have indeed been responsible for high mortality [50] . The survival and growth of M. excelsa has been demonstrated to be higher in forest than in a degraded ecosystem, and the number of galls has been shown to be positively correlated with irradiance [51] . The number of galls have also been shown to be higher and earlier in large than in small gaps [52] . As a consequence, it has been previously recommended to maintain the seedlings of M. excelsa in the shade during the first 12-18 months to minimize the development of galls and associated dieback. These results, although preliminary, tend to argue in favor of the growth-survival-herbivory tradeoff recently demonstrated in Sri Lanka [34] . Thus, to define practical guidelines it is of importance to take into account species' light requirement (and tolerance to shade) but also, for some species, their susceptibility to attacks from pests and pathogens.
Tree Architecture in Logging Gaps and in Plantations
To further examine the variability of seedling morphology in response to light availability, and the differences between the two study species when grown in logging gaps-with-competition and in plantations-free-to-grow, we regressed RGRH to RGRD [35] . Although the two study species showed a differential performance in logging gaps-with-competition and in plantations-free-to-grow, they responded similarly to the variation in light availability (Figure 3) . A significantly higher RGR ratio (i.e., slope of RGRH on RGRD) was reported in logging gaps-with-competition than in plantations-free-to-grow for both species (Figure 3 , analysis of covariance F2375 = 1671, p < 0.0001), thus indicating that seedlings of both species tended to be taller in logging gaps-with-competition than in plantation-free-to-grow for the same diameter. This result tended to suggest a similar strategy for the two study species to escape competition, and to confirm their high light requirement. The differential response of tree allometry between light-demanding and shade tolerant species has been previously reported in tropical forests of Panama [53] . According to the two major principles of silviculture that (i) tree height reflects the site fertility/productivity [54] ; and (ii) tree density and diameter depends on the intensity of competition (and the self-thinning line) [55] , seedling morphology thus reflected the strong intensity of competition in non-cleared logging gaps due to the relatively low light. ) between species and silvicultural experiments. The RGR ratio is equivalent to the scaling coefficient of the power allometric relationship between seedling height and diameter [35] . The dashed grey line corresponds to the 1:1 line.
Conclusions
The relatively good performance of the two native species, M. excelsa in logging gaps and P. elata, in plantations, have profound applied perspectives to maintain or restore biodiversity, ecological functioning, and the supply of goods and ecological services in Central African moist forests. Identifying high-value native timber species with good performance in plantation is of extreme importance to restore degraded areas since plantations can facilitate forest succession in the understory through modification of both physical and biological site conditions [56] . This is an alternative approach to exotic monocultures for reforestation in Central African moist forests [17] and the rather sensitive, highly light-responsive P. elata [29, 30] appeared to be a good candidate species. Identifying high-value native timber species with good performance in logging gaps, such as M. excelsa in this study, or B. toxisperma in a former study on the same site [23] is important to maintain biodiversity in production forests, and favor the recovery of light-demanding timber species that do not naturally regenerate in Central African moist forests. However, it is important to remember that the time period of up to 65 months, although adequate for the assessment of seedling performance, may not be enough to assess the timber potential of the two species especially because several events of growth suppression and release occur later over the lifetime of tropical trees [24] . Despite these limitations, our results highlighted the good performance of M. excelsa in logging gaps and of P. elata in plantations. Although encouraging, these early results argue in favor of further experiments, which will need long-term monitoring, in order to define practical guidelines adapted to the autoecology of each timber species.
